The ethanol-inducible cytochrome P450 2E1 (CYP2E1) is also induced under different pathological and physiological conditions. Studies including ours have shown that CYP 2E1 is bimodally targeted to both the endoplasmic reticulum (microsomes) (mc CYP2E1) and mitochondria (mt CYP2E1). In this study we investigated the role of mtCYP2E1 in ethanol-mediated oxidative stress in stable cell lines expressing predominantly mt CYP2E1 or mc CYP2E1. The ER+ mutation (A2L, A9L), which increases the affinity of the nascent protein for binding to the signal recognition particle (SRP), preferentially targets CYP2E1 to the endoplasmic reticulum. 
The cytochrome P450 2E1 (CYP2E1 5 ) is involved in the metabolism of alcohol, aldehydes, and an array of small molecular weight carcinogens. CYP2E1 is induced under diverse pathophysiological conditions including diabetes, obesity, fasting, cancer, alcohol liver disease, and non-alcoholic hepatic steatosis (1; 2). The structure and function of CYP2E1 has been extensively studied because of its potential role in chemical toxicity and carcinogenesis and highly conserved nature of the gene in mammals. Experiments with knock-out animal models have revealed that CYP2E1 plays an important role in benzene, acrylonitrile, azoxymethane, and acetaminophen-induced toxicity as well (3) (4) (5) . A major interest in CYP2E1 stems from its ability to oxidize ethanol into reactive products, acetaldehyde and 1-hydroxyethyl radical, and also its ability to activate small molecular weight chemicals including CCl 4 , acetaminophen, benzene, halothane, halogenated alkanes, etc. into electrophilic reactive products (6) . Additionally, a large number of studies implicate a role for CYP2E1 in reactive oxygen species (ROS) production and oxidative stress (7) (8) (9) (10) (11) .
A large fraction of hepatocellular CYP2E1 is located in the endoplasmic reticulum (ER), although, significant levels are detected in other cell compartments including lysosomes (12) , plasma membrane (13;14) , Golgi apparatus (15) , peroxisomes (16) , and mitochondria (17) (18) (19) (20) . Studies have shown increased mitochondrial CYP2E1 content in streptozotocin-treated and alcohol-treated rats and mice (21;22) . Despite the suggested role of CYP2E1 in ROS production, oxidative stress, and lipid peroxidation, it is not clear if the major contribution comes from the microsomal or mitochondrial compartments, or both.
In this study we have assessed the role of mitochondria targeted CYP2E1 in inducing oxidative stress. We used a mutational approach to modify the Nterminal chimeric signals of CYP2E1 to mostly mitochondria-or mostly microsometargeted proteins (mtCYP2E1 and mcCYP 2E1, respectively) and expressed them stably in COS cells. Our results show that mtCYP2E1 induces ROS production, oxidative stress and augments ethanol induced cellular injury. MtCYP2E1in yeast cells induced respiratory incompetence and ρ o phenotypes indicating extensive mitochondrial DNA damage.
Experimental Procedures

Cell
Culture and Cell Transfection-COS-7 cells and cells transduced with retroviral vectors (stable expression cells) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (v/v) in presence of added gentamycin (50 µg/ml).
Transient transfection of COS-7 cells with WT and mutant ER+, Mt+, Mt++ rat CYP 2E1 cDNAs (6µg/100 mm 2 plate) were carried out using the lipophilic reagent Fugene 6 (Roche Applied Sciences). The cells were harvested 48 hours post transfection and used for isolating subcellular fractionations.
Generation of Stable Cell Lines-WT and mutated 2E1 cDNAs cloned in a retroviral vector (pBABE-puro) were transduced into 293T cells along with gagpol and VSV-G plasmids to produce viral particles (23) . COS-7 cells were transduced with the viral particles and the single colonies were selected by screening in presence of puromycin (2 µg/ml) as the selection marker.
Antibodies-Polyclonal antibody to rat CYP2E1 (anti-goat) was purchased from Oxford Biomedical Research, Oxford, MI. Antibody to human cytochrome c oxidase subunit 1 (CcO 1) was from Mitosciences, Eugene, OR. Antibody to human calreticulin (CRT) was from Affinity Bioreagents, Golden, CO. Antibody to yeast dolicholphosphate mannose synthase (DPMS) was from Invitrogen, Carlsbad, CA. Antibodies to TIM23, TOM20, 70 kDa subunit of complex II, β-actin, cytochrome P450 reductase (NPR), and the 70 kDa subunit of succinate dehydrogenase were from Santa Cruz Biotech., Santa Cruz, CA. Anti mouse Flag antibody was purchased from Sigma--Aldrich, St. Louis, MO.
Ethanol Feeding Experiments: -Sprague Dawley rats (about 150 gm) were fed with ethanol for 2, 4, 6, and 8 weeks, and pair fed controls received isocaloric diet. The standard procedure for alcohol feeding was based on the Lieber De Carli protocol (24 were isolated in the presence of protease inhibitors (1 mM phenylmethanesulfonyl fluoride (PMSF) and 50 µg/ml each of leupeptin, pepstatin, aprotinin, and antipain) as described before (25, 26) . Mitochondria from ethanol-fed and pair-fed control rat livers were isolated essentially as described before (27) and the mitochondrial isolates were sedimented through 1 M sucrose to minimize contamination (28) . Mitochondria were subjected to digitonin fractionation as described before (20, 27) . Proteins were dissociated in Laemmli's sample buffer (29) at 95 o C for 5 min, resolved by electrophoresis on 10% SDSpolyacrylamide gels (29) , and subjected to immunoblot analysis (26) .
Blots were developed using Super Signal West Femto maximum sensitivity substrate from Pierce Chemical Co., Rockford, IL.
Limited Trypsin treatment of cell organelles-Freshly isolated mitochondria or microsome (150 µg protein) were subjected to trypsin digestion (30 µg/mg) at 25 o C for 30 min as described before (25, 26) .
Assay of N,N-Dimethylnitrosamine N-Demethylation
Activity-NDemethylation of DMN was assayed according to Elliason et al. (13, 30) in the presence of added 0.2 nmol adrenodoxin (Adx), 0.02 nmol NADPH-Adx reductase (Adr) and 300 µg mitochondrial protein/ml as enzyme source. In assays with the microsomal fractions, the microsome associated NADPH cytochrome P450 reductase (NPR) served as electron donor for the reaction. Details were essentially similar to erythromycin N-demethylase assay published before (31) .
GSH Measurements-The intracellular and mitochondrial GSH levels were measured as described by Tietze (32) with the fluorometric substrate 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB), using an NWSS kit from Northwest Lifesciences, Vancouver, WA, following the manufacturer's protocol. Assays were carried out with and without added glutathione reductase (GR) and NADPH. Values without added GR and NADPH were used to determine the reduced GSH level, and those with GR and NADPH yielded total GSH (reduced plus oxidized) pool. (34) .
Measurement of ROS Production
Assay of F2-Isoprostanes-Cellular levels of F 2 -isoprostanes were determined using a gas chromatography-mass spectrometry-based method, as described previously (35) .
Assay for ER Membrane Association-Membrane association assays were carried out as described previously by Hegde et al. (36) . Proteins were translated in the presence of 5 U of unwashed dog pancreatic microsome/50 μl of translation mix supplemented with PKA as described previously (37) . The translation was stopped by the addition of 1 mM cycloheximide. Half of the reaction mixture was sedimented through 0.5 M sucrose at 120,000 × g for 5 min. The membrane pellets were analyzed by SDS gel electrophoresis (36, 37) . The second one-half of reaction mix was analyzed directly as the input protein counts.
Immunofluorescence MicroscopyImmunofluorescence microscopy was carried out with 0.1% Triton X-100 permeabilized cells as described before (25, 38) using primary CYP2E1 (anti-goat), CcO1 (anti-mouse), and Calreticulin (antirabbit) antibodies at 1:100 dilutions each. The cells were then stained with 1:100 dilution of Alexa 488-conjugated anti-goat antibody and Alexa 594-conjugated antimouse IgG (Molecular Probes, Inc., Eugene, OR). Slides were viewed through a Leica TCS SP5 Confocal Microscope, and Pearson's coefficient for colocalization was calculated using Volocity software 4.0.
cDNA Cloning and CYP2E1 Expression in Yeast Cells-The cDNAs (WT, ER+ and Mt++) were cloned in the 2 µm vector pTEF-URA3 or the centromeric pTEF-URA3 (39) . The Mata his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 strain BY4741 was obtained from Research Genetics, Huntsville, AL. BY4741 was used to express rat CYP 2E1 cDNAs (Mock, WT, ER+, Mt++) driven by the elongation factor promoter either using a 2 µm or centromeric URA3 or Leu2 plasmids. Plasmids were transformed into BY4741 by using the standard LioAc method. The cells were grown in minimal medium containing 2% dextrose (synthetic dextrose, w/v) and other details were as described before (20) . Yeast cell mitochondria and microsomes were isolated as described previously (20) .
For plate assays, cells grown to ~2.0 OD at 600 nm were washed and serially diluted in 10-fold steps and 10 μl of each dilution was spotted on SD-URA and SL-URA (2% lactate, w/v) plates. Plates were photographed after incubation at 30 °C for 4 days.
Statistical Analysis-Mean ± SD were calculated from three to five experimental values. Statistical significance (p values) between control and experimental or paired experiments was calculated using the student T-test. A P value of <0.05 is considered significant.
RESULTS
Altering the targeting efficiency of the N-terminal chimeric signal of CYP 2E1.
We have used a mutational approach to test the hypothesis that SRP-binding affinity of nascent chains inversely correlates with the level of mt-targeting (40, 41) . The N-terminal signal domain mutations were designed using the WOLFPSORT program with the objective of altering the hydrophobicity of the signal region of the rat CYP 2E1.
The N-terminal 40 amino acid sequence of the rat CYP 2E1 and mutations (ER+, Mt+ and Mt++) targeted to this region are shown in Fig. 1A . ER+ mutation (A2L and A9L) markedly increased the ER targeting potential as predicted by the WOLFPSORT program (Fig. 1B) . The Mt+ (L17G) and Mt++ (I18R, L11R, and L17R) mutations, on the other hand, showed progressively higher potential for mitochondria targeting (Fig. 1B) . The SRP binding affinities of the WT and mutant proteins were tested by the membrane flotation method (36) , which measures the SRP dependent ER membrane association of nascent proteins. WT protein associated with added ER to the extent of ~ 40%, while ER+ protein with-increased hydrophobicityassociated at a higher level (70%) of input protein (Fig. 1C) . The Mt+ and Mt++ proteins-with reduced hydrophobicityassociated with the ER membrane at lower levels (10-30%) (Fig. 1C) . These results confirmed the widely varying SRP binding affinities of mutant proteins we generated. Fig. 1D shows the levels of expression of WT and mutant CYP 2E1 in stably expressing COS cells. Immunoblot analysis of whole cell extracts show that cells transduced with viral vectors carrying WT, ER+, and Mt+ cDNA constructs express CYP 2E1 protein, which comigrated with microsomal CYP2E1 from alcohol-induced rat livers. Cells transduced with Mt++ cDNA construct, however, showed a minor species of nearly intact protein and a prominent ~40 kDa species. COS cells transiently transfected with all cDNA constructs (including Mt++), on the other hand, expressed nearly intact mtCYP2E1 protein, which comigrated with the mcCYP2E1 protein from alcohol-treated rat liver. These results suggest that all of the cDNA constructs are expressed at similar levels in both stable and transiently transfected cells. The results also suggest that the Mt++ mutant protein is susceptible to an unknown proteolytic activity induced in stably transduced COS cells.
Levels of mtCYP2E1 and mcCYP2E1 in Stable Cell Lines-The purity of mitochondrial preparation was routinely tested by immunoblot analysis of mitochondria-specific Tom20 protein and microsomal-specific NPR. As shown in Fig.  2A , mitochondrial preparations contained Tom20, while the microsomal fraction contained negligible Tom20 protein. As expected, the microsomal fraction contained a high level of NPR, while the mitochondrial preparations contained markedly reduced (<0.1 of microsomal) 78 kDa NPR. Figures 2A and 2B also show that in cells expressing WT CYP2E1, the distribution was nearly even (about 50% in each membrane fraction). In cells expressing ER+ mutant protein the mitochondrial level was ~ 20% while the microsomal level of CYP2E1 was >80%. In Mt+ cells, the mitochondrial level was significantly higher (~58%) while in Mt++ cells it was markedly higher (~90%). Additionally, similar to that shown in Fig. 1 , the mitochondria-associated Mt++ CYP2E1 was smaller (~40 kDa), as opposed to ~52 kDa protein in other cases. The mcCYP 2E1 from ER+ and WT cells also contained a much faster migrating component, which we believe is a proteolytic degradation product generated during isolation and storage. The stable cell lines will be hereafter referred to with the respective mutant forms of CYP2E1 they express.
Evidence for Intramitochondrial Localization of CYP2E1. The mitochondrial localization of the CYP2E1 was investigated by colocalization with the ER-specific protein calreticulin (CRT) and mitochondria specific protein cytochrome c oxidase subunit I (CcO 1) using immunofluorescence microscopy. As expected, cells transduced with a mock vector (Fig. 3A, (Fig. 2) .
The DMN N-demethylation activities of mitochondrial and microsomal fractions ranged from 2.1 to 2.6 nmol/mg protein Consistent with the heme contents, mitochondria from WT, Mt+, and Mt++ cells showed high activity while those from ER+ cells showed a very low activity. Conversely, microsomes from the WT and ER+ cells showed high activity while those from Mt+ and Mt++ cells showed progressively lower activities. Although not shown, the specific activities of the mitochondrial and microsomal samples were nearly equal and ranged from 16 to 19.6 nmol/nmol CYP/min for the mitochondria and 15 to 18.5 nmol/nmol CYP/min for microsomal samples. Fig. 5C shows the CO absorbance spectra of mitochondrial proteins from WT and Mt++ cells, which were used for calculating the heme contents. These results show that the truncated ~40 kDa CYP2E1 protein from the Mt++ cell mitochondria is fully assembled with the heme and is as active as the full length CYP2E1.
The nature of the N-demethylation activity was further verified in control experiments shown in Table 1 . The enzyme activity with Mt++ mitoplasts was dependent upon added NADPH and was inhibited by general CYP inhibitor SKF 525-A (Proadifen hydrochloride) and a catalytic site-inhibitory antibody to CYP2E1.
The possible site of processing of CYP 2E1 in Mt++ cells was investigated by transient expression of N-terminally and Cterminally Flag tagged Mt++ CYP2E1 in Mt++ cells. The rationale was that by following the Flag-tag with the ~40 kDa protein, it should be possible to determine if the processing occurs close to the Nterminus or the C-terminus. Immunoblots in Fig. 5D show that in mitochondria from cells transfected with both N-and Cterminal tagged Mt++ CYP2E1 cDNAs, a prominent ~40 kDa protein is stained with CYP2E1 antibody (top panel). The Flag antibody, on the other hand, stained the ~40 kDa species only in cells transfected with the C-terminal Flag-tagged protein but not the N-terminal tagged protein. The Flag antibody also stained a larger 52 kDa protein in the total homogenate and also in mitochondria from cells transfected with both constructs, which likely represent unprocessed proteins. These results suggest that Mt++ CYP2E1 is most likely processed at a site close to the N-terminus in Mt++ cells. This possibility is also supported by the functional integrity of the ~40 kDa CYP2E1 in these cells.
The Role of mt and mc CYP2E1 in Ethanol-mediated Oxidative Stress. We assessed mitochondrial and extramitochondrial GSH levels and ROS production in subcellular fractions and whole cells. All cell lines except Mt++ did not show significant cell death either in the presence or absence of added ethanol (100 mM for 48h) (results not shown,). The Mt++ cells, however, showed about 15-17% cell death, which was increased to about 30% by ethanol treatment. Only living monolayer cells were used for analysis.
The reduced GSH pool in whole cell extract was marginally reduced by about 15-20% in WT and ER+ cells, while there was a marked (40-50%) reduction in Mt+ and Mt++ cells (Fig. 6A) . The GSH levels were further reduced by 10-20% in mocktransfected, WT, and ER+ cells by treatment with ethanol. In Mt+ and Mt++ cells, the ethanol-mediated depletion of GSH was even more pronounced (~35-55%) compared to untreated cells. As expected, the mitochondrial GSH pool was substantially smaller than the whole cell pool (Fig. 6B) .
The level of H 2 O 2 produced in whole cells (Fig. 7A and 7B) was measured using the DCFH-DA method. Cells were treated with 100 mM ethanol for 48 h, with or without the added ROS inducer tert-butyl hydroperoxide (TBHP), and with or without the added CYP2E1 inhibitor diallylsulfide (DAS) and antioxidants, N-acetyl cysteine (NAC) or MitoQ. The Mt+ and Mt++ cells showed nearly two-fold higher ROS as compared to mock transfected cells (Fig.  7A) . The WT CYP 2E1 expressing cells showed a marginal increase over the mock transfected cells while ER+ cells showed marginal reduction. TBHP (Fig. 7A) and alcohol (Fig. 7B) induced ROS production in Mt+ cells, while the increase was more than two-fold in Mt++ cells. The effects on other cell types (Mock, WT, and ER+) were only marginal. Interestingly, the TBHPinduced ROS increase in both Mt+ and Mt++ cells was markedly inhibited by NAC. The mitochondria-specific antioxidant MitoQ inhibited ROS production in these two cell types by >50%. The effects of these inhibitors on other cells, i.e., mock, WT, and ER+ cells, was marginal. The ethanol induced ROS production in both Mt+ and Mt++ cells, but not in ER+ cells. The ethanol induced ROS production was also attenuated in Mt++ cells by NAC and CYP2E1 selective inhibitor, DAS (Fig. 7B) .
The level of mitochondrial ROS production in different cell lines was further verified by assaying the DCFH-DA oxidation in an in vitro system described previously (34) . In this system, rat brain cytosolic extract is used as the source of deacetylase for converting DCFH-DA into DCFH (33;34). The fluorometric patterns in Fig.7C are from a control experiment to ensure the specificity of fluorescence signal. The complete system with added mitochondria from Mt++ cells yielded a linear increase up to 800 s. The addition of SOD to the reaction mix had no effect while catalase inhibited the signal, suggesting that the fluorescence signal is mostly due to H 2 O 2 . Furthermore, control reaction with added DCFH-DA alone (or with the brain cytosolic extract without added mitochondria) yielded no significant fluorescence signal, suggesting the specificity of the reaction.
Both the mitochondrial and microsomal membranes from CYP2E1 expressing cells produced 2-3 fold higher ROS compared to mock transfected controls (7D and E). It is seen that the microsomes from alcohol-treated cells produced marginal (mock, WT and ER+ cells) to moderately higher (Mt++ and Mt+) signal reflective of levels of ROS production. The mitochondrial isolates from Mt+ and Mt++ cells yielded 60% to 120% higher ROS production in the presence of added ethanol (Fig. 7D) . In both the microsomes and mitochondria, DAS markedly reduced ethanol-induced ROS production ( Fig. 7D  and E) .
Lipid peroxidation is an immediate consequence of oxidative stress. Recent multicenter studies propose that the levels of F 2 -isoprostanes are probably the most reliable measure of oxidative stress (41, 54, 55) . We have therefore assayed the levels of F 2 -isoprostanes in alcohol-treated and untreated cells. Results (Fig. 8A) show that, in both mock-transfected and WT CYP2E1 expressing cell lines, no significant increase in F 2 -isoprostanes was observed even after ethanol treatment. In ER+ cells, the basal level of F 2 -isoprostanes is lower than WT cells. In both ER+ and Mt+ cells, there was a significant increase after ethanol treatment. In Mt++ cells, however, the increase in F 2 -isoprostanes level was 3.5-fold after ethanol treatment. Together these results show that mitochondria targeted CYP2E1 plays a prominent role in alcohol-mediated oxidative stress.
The in vivo relevance of these results was investigated using mitochondria and microsomes isolated from rats fed with alcohol from 2 to 8 weeks and also from pair-fed control rats. It is seen that mitochondria from ethanol-fed rats produced progressively increasing levels of F 2 -isoprostanes compared to pair controls (Fig,  8A) . The levels of mtCYP2E1 in relation to the pair fed controls also increased during this treatment regimen (Fig. 8B) . Notably, in 8 weeks of alcohol fed liver mitochondria, there was a 4.5 fold increase which was also accompanied by more than two fold increase in F 2 -isoprostanes formation. In the case of the microsomal fraction, there was no significant increase in alcohol fed rats until 8 weeks of feeding compared to pair-fed controls. Only in microsomes from 8-week fed rats there was a significant increase in F 2 -isoprostanes. Immunoblot analysis in Figure 8C shows a typical pattern of mt-and mc-CYP2E1 induction in 8 weeks fed rat livers. The results from these immunoblots were used to determine the fold-increase presented in Fig. 8A and B. These results on mtCYP2E1 induction correlate well with increased oxidative stress in ethanol-treated rats.
Role of Intact mtCYP2E1 in ROS production.
The results that N-terminal truncated mtCYP2E1 in Mt++ cells induced oxidative stress raised the question if mitochondria targeting of this CYP or N-terminal truncation was responsible for increased oxidative stress. To address this question, we overexpressed WT and Mt++ CYP2E1 proteins in COS cells by transient transfection and compared both the levels of mitochondria targeting and levels of ROS production with the two cDNA constructs. In keeping with the results on stable cell lines (Fig.3) , immunocytochemical analysis of transfected cells (Fig. 9A and B) showed that WT CYP2E1 colocalized with both the ER-specific marker, CRT and mitochondriaspecific marker, CcO I. The Mt++ CYP2E1 protein colocalized poorly with CRT (Pearson coefficient of 0.52) but more extensively with the CcO I suggesting a higher level of mitochondrial localization (Fig. 9A) . The immunoblot of mitochondrial extract (Fig. 9C) shows that both mt-and mc-CYP2E1 comigrated with rat liver microsomal CYP2E1 suggesting that intact CYP2E1 is targeted to mitochondria in both cases. Additionally, the level of mtCYP2E1 with the Mt++ mutant cDNA was significantly higher than with WT protein. Fig.9D shows that the level of ROS production in microsomes from WT and Mt++ cells was significantly higher than in mock-transfected cells. Alcohol treatment only modestly increased the levels in both WT and Mt++ cDNA transfected cells. Mitochondria from cells transfected with WT and Mt++ cDNAs showed about 70-100% increase in ROS production. In mock transfected and WT cDNA transfected cells, mitochondrial ROS production was only marginally increased by ethanol treatment. However, a marked increase of ROS production in response to ethanol treatment was observed in mitochondria from Mt++ cDNA transfected cells. A generally lower level of ROS production in these cells in comparison to stable cells is probably due to lower transfection rates. These results show that intact CYP2E1 targeted to mitochondria is effective in inducing ROS production and alcohol mediated oxidative stress.
Role of mt CYP2E1 in Inducing
Respiratory Damage in Yeast Cells. With a view to ascertain the role of mitochondriatargeted CYP2E1 in inducing oxidative damage, we used a heterologous yeast cell system and generated stable cell lines expressing WT, ER+ and Mt++ CYP2E1. Immunoblot analysis of mitochondria and microsome fractions from various cell lines is shown in Fig. 9A . It is seen that both mitochondria and microsomes from WT CYP2E1 cells showed the presence of CYP2E1, although the microsomal fraction contained nearly two-fold higher levels. The Mt++ cells, on the other hand contained nearly three-fold higher levels of mtCYP 2E1 than mc CYP2E1. In contrast, the ER+ cells contained more than three fold higher levels of mc CYP2E1 compared to mt CYP2E1. These results indicate that the altered targeting property of mutant CYP2E1 signal is also preserved in unicellular eukaryotes. It should be noted that Mt++ CYP2E1 is targeted to mitochondria as a full-length protein, similar to the WT and ER+ proteins. All of the mitochondrial samples showed nearly equal levels of Tim23, and all the microsomal samples showed nearly equal levels of the microsomal marker DPMS, suggesting nearly equal loading. The blots for Tim23 and DPMS also indicated the relative purity of the two subcellular membrane fractions.
All of the cell types including the ρ o cells (positive control) grew efficiently on the SD-URA medium containing glucose (Fig. 9B) . Remarkably, Mt++ cells failed to grow on SD-URA medium, containing lactate, suggesting respiratory incompetence. The later characteristic is similar to the ρ o cells with known respiratory deficiency, which also failed to grow on SD-URA media containing lactate. The WT and ER+ cells also showed a marginal growth inhibition on the lactatecontaining medium. Mitochondria from Mt++ cells had petite phenotype similar to the ρ o cells (results not shown). These cells were significantly smaller than the colonies produced by WT and ER+ cells on the same plate. These results provided a direct and unequivocal evidence for the role of mitochondria targeted CYP2E1 in inducing mitochondrial DNA damage and respiratory deficiency.
DISCUSSION
Previously we observed that nascent CYP1A1, 2B1, and 2E1 proteins exhibit different affinities for SRP binding and showed different levels of mitochondrial targeting (19; 25; 28; 37; 45; 46) . In the present study we tested the hypothesis on the regulation of bimodal targeting by altering the SRP binding affinity of the signal region (40; 41) to more hydrophobic (A2L,A9L in ER+) or more hydrophilic (L17G or I8R/L11R/L17R in Mt+ and Mt++, respectively). We show here that the ER+ mutant CYP2E1-with increased hydrophobicity of the N-terminal signal and increased ER association in vitro-is targeted at a higher level to the ER than the WT protein. On the other hand, the Mt+ and Mt++ proteins-with reduced hydrophobicity and reduced affinity for SRP binding ( Fig. 1C and 3B ) were targeted to mitochondria at higher levels in intact cells.
Several studies over the past decade suggested that CYP2E1 plays a role in oxidative stress, in addition to carcinogenesis and chemical toxicity (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (47) (48) (49) . Several studies have implicated a role for CYP2E1 in inducing ROS production under in vitro conditions (50) (51) (52) (53) . Studies from Lieber and collaborators initially suggested a role for CYP2E1 in inducing oxidative stress and alcohol mediated liver injury (51) . In vitro studies with stable expression cell lines or isolated microsomes show a role for CYP2E1 in inducing ROS production and oxidative stress (52) (53) (54) . These latter results have been essentially supported in a CYP2E1 overexpression mouse model generated by Morgan et al. (55) . Studies from two groups using this mouse model show that alcohol treatment induced the serum levels of cytokeratin 8 and cytokeratin 18, the biomarkers for alcoholic liver disease (48;49) . Using stable cell lines expressing different levels of mitochondria-and microsome-targeted CYP2E1, we show that mtCYP 2E1 plays a role in ethanol-mediated mitochondrial dysfunction, mtDNA damage, ROS production as well as lipid peroxide production. These results also correlate with high level of mtCYP2E1 with high levels of F 2 -isoprostanes in alcohol treated rat livers.
In general, the mitochondrial CYP contents of rodent and human tissues represent only 10-20% of those found in the microsomal fraction. However, in ethanoltreated rats and mice, the liver mitochondrial CYP2E1 contents ranged from about 50% to nearly equal to the microsomal contents (22, 52) , suggesting that the mitochondrial CYP2E1 could contribute significantly to drug metabolism, drug-induced toxicity, and oxidative stress.
Detection of truncated protein in Mt++ cells was unexpected and surprising in view of many cell based studies and analysis of mouse and rat tissues from alcohol treated or streptozotocin-treated rodents showing full length CYP2E1 being targeted to mitochondria. We have carried out a series of experiments to show that the truncated form seen in the Mt++ cell lines is very specific to this mutant and specific to stably transduced COS cells: 1) Other CYP2E1 cDNA constructs, such as the WT, ER+, and Mt+ mutant proteins are targeted to mitochondria as intact proteins. 2) Transient transfection of CYP2E1 cDNAs (including the Mt++) in COS cells resulted in the targeting of intact CYP2E1 to mitochondria which also induced ROS production in response to ethanol treatment. 3) Although not shown, in vitro import studies in isolated rat liver mitochondria showed that the protease-protected form is a full length protein. 4 Results presented here also show that Mt++ cells expressing predominantly mt CYP2E1 are prone to oxidant (TBHP)-and ethanol-mediated ROS production, F 2 -isoprostane production, depletion of cellular GSH levels, and mitochondrial respiratory defect. We propose that altered structural features of the mt CYP2E1 in the mitochondrial matrix environment, different from the cytosol-exposed microsomal organization, may be responsible for the difference in function and induction of oxidative stress. This possibility is in keeping with our previous CD spectroscopy studies showing a more unfolded conformation of mitochondrial CYP2B1 and 2E1 and markedly reduced alpha helical contents compared to the microsomal CYPs (17, 37) . A role for the mitochondrial CYP2E1 in mediating ethanol-induced oxidative stress is shown by the effects of the CYP inhibitor DAS. Also, the role of mitochondrially-produced ROS in mediating oxidative stress was confirmed by the effects of mitochondria specific antioxidant Mito-Q (Fig. 7A, B) .
We (Fig. 10 A and  B) . These results provide evidence for the role of mt CYP2E1 in ROS production.
In summary alcohol toxicity has been linked to a number of factors including increased CYP2E1 expression, NADPH oxidase activity, and ferrous iron levels (53, 56) . Our results show that mitochondria targeted CYP2E1 can play a direct role in augmenting alcohol mediated oxidative stress, mtDNA damage, and mitochondrial dysfunction in COS cells.
Correlative evidence also suggests that mt CYP2E1 may also play a role in inducing oxidative stress in the livers of ethanol-fed rats. FIGURE 6. Cellular and mitochondrial GSH levels in stable cells expressing WT and mutant CYP2E1. A, GSH levels in stable expression cell lines. GSH levels were assayed using fluorometric substrate DTNB. Briefly, cells (2 × 10 6 ) were treated with or without 100 mM ethanol. After 48 h of treatment, the total cellular extracts (200 µg protein), 200 µl of phosphate buffer provided in the kit, and 25 µl of the DTNB solution. Tubes were first incubated at 37 ºC for 5 min and the absorbance (412 nm) was measured using a Cary E1 spectrophotometer for 3 minutes. GSH levels were calculated using a standard curve and values are presented in nmol/mg protein/min. B, mitochondrial isolates from control and ethanol treated cells were assayed for GSH levels as described above. An "*" represents significant difference in GSH (p<0.05) levels between ethanol treated and untreated controls. Values represent mean ± SD from six assays of the same cell fractions. FIGURE 7. ROS measurements by DCFH-DA method in whole cells and subcellular fractions from CYP2E1 expressing cells. A, ROS levels in whole cells grown with or without the added oxidant TBHP (400 μM) and/or antioxidants MitoQ (2.5 μM) and NAC (25 mM). B, ROS levels in whole cells grown with or without added ethanol (100 mM) with or without the added CYP2E1 inhibitor DAS (10 μM) or NAC (25 mM). Details were as described in Materials and Methods. Part C represents a control experiment using Mt++ mitochondria ruptured by freezing and thawing. Catalase (10 units/ml) and SOD (30 units/ml) were added. The assays were run as described in the Materials and Methods section using 10 μl of brain cytosolic preparation per 100 μl reaction volumes. D and E, ROS measurements in isolated mitochondria and microsomes, respectively, from indicated cells. DAS was added in indicated tubes at 10 μM level. In all cases, the fluorescence was recorded at an excitation at 488 nm and emissions at 525 nm for 15 min. Values represent Mean ± SD values from four separate assays in A, B, D and E. An "*" represents significant increase in ROS production (p<0.05) or reduction by added antioxidants or CYP2E1 inhibitor, DAS. FIGURE 8. Ethanol-induced F 2 -isoprostanes in CYP2E1-expressing cells and liver fractions from ethanol fed rats. A, F 2 -isoprostanes were assayed by using a GC-MS method cited in the Materials and Methods section. In each case 2 × 10 6 total cells were used for the assay. An "*" represents significant increase in F2-isoprostanes in ER+, Mt+ and Mt++ cells, respectively following ethanol treatment (p<0.05). Values represent Mean ± SD of three assays. B, F 2 -isopreostanes were measured in mitochondria and microsomes isolated from the livers of rats fed with alcohol for 2-8 weeks and pair fed controls. In each case 100 μg protein was used. The Mean ± SD in the 8 weeks fed rats were based on assays carried out in three rats each in control and fed groups. An "*" represents significant difference (p<0.05) from pair fed controls. The values presented in boxes below the graph indicate the ratios of CYP2E1 contents between pair fed controls and alcohol fed rat livers. The CYP2E1 antibody interactive bands from immunoblots were quantified by imaging through the BioRad Florus 5 gel docymentation system. C, Immunoblot analysis of mitochondrial and microsomal proteins (25 µg each) from livers of rats fed with alcohol for 8 weeks and pair-fed controls. Samples from two rats were analyzed in each case. Duplicate blots were developed with NPR antibody and succinate dehydrogenase (SDH) antibody for assessing cross contamination and loading levels. Immunocytochemical analysis and colocalization of stained membrane structures were carried out as described in the Materials and Methods and Fig. 3 . C, Immunoblot analysis of mitochondrial proteins (50 μg each) from cells transfected with mock vector, WT and Mt++ cDNAs. Microsome from ethanol treated rat liver was used as a positive control for CYP2E1 and also NPR. The blots were co-developed with antibodies to mitochondrial marker, TOM20 and microsomal marker NPR. The graph below the blot represents CYP2E1 contents. D, The level of ROS production in the microsome and mitochondria isolated from transfected cells. The ROS production was measured fluorometrically by DCFH-DA oxidation method as described in Fig. 7 and Materials and Methods section. The Mean ± SD values were calculated from 6 assays carried out with cell fractions from two separate transfections. An "*" represents significant difference (p<0.05) between the paired values. In C, N.D.= not detected. each) were resolved by SDS-PAGE on a 12% gel and subjected to immunoblot blot analysis with anti-CYP2E1 antibody. Two identically run (parallel) blots were probed with antibody to mitochondria-specific marker Tim 23 and microsome-specific marker DPMS. B, yeast cells expressing ER+, WT, and Mt++ CYP2E1 were grown in YPD medium supplemented with appropriate amino acids. Cells corresponding to 2.0 OD at 600 nm were pelleted and resuspended in 1 ml of sterile water. The culture was serially diluted 10 times and 10 μl of each dilution was spotted onto SD-URA plates containing 2% glucose (w/v) (left panel) and 2% lactate (w/v) (right panel). Plates were incubated at 30 °C for 4 days and photographed.
